Introduction
============

Brimonidine and para-aminoclonidine (PAC) are imidazoline compounds and relatively selective alpha~2~-adrenoreceptor agonists. They are used for the treatment of glaucoma and ocular hypertension.[@b1-opth-10-845]--[@b5-opth-10-845] Brimonidine and PAC appear to have similar mechanisms of action in their effect on intraocular pressure. Both drugs are known to decrease aqueous production.[@b6-opth-10-845]--[@b8-opth-10-845]

Mydriasis was frequently noted in eyes treated with 1% PAC.[@b7-opth-10-845] Because of this side effect, the use of PAC is limited. Marchini et al[@b9-opth-10-845] found that brimonidine 0.2% decreases pupil diameter. McDonald et al[@b10-opth-10-845] showed that it causes a significant decrease in pupil diameter only in the dark. In this regard, brimonidine resembles PAC in that both are useful for the treatment of glaucoma, but their effects on pupil diameter are quite different.

The present study was carried out to compare the relative potencies of brimonidine and PAC on pre- and postsynaptic adrenoceptors in the isolated rabbit iris dilator muscle using the isometric tension recording method. Moreover, the mechanism of action of these drugs on pupil diameter will be clarified.

Materials and methods
=====================

General
-------

All rabbit procedures were performed in accordance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research. All experiments were performed according to the guiding principles for animal experimentation of Kitasato University (approval from the Animal Experiments Ethics Committee, Kitasato University: 2013-185). Male Japanese white rabbits (four albino rabbits) were used. They were purchased at 8 weeks of age and housed in a temperature-and humidity-controlled room (24°C--25°C and 55%--60%, respectively). Male albino rabbits weighing 2.0--2.5 kg were killed with an overdose (60 mg/kg) of intravenous pentobar-bital sodium (somnopentyl^®^, Schering-Plough Animal Health K.K., Osaka, Japan). The eyes were immediately enucleated and placed in Krebs solution oxygenated with 95% O~2~ and 5% CO~2~. A dilator muscle specimen (2 mm wide, 4--5 mm long) was prepared under the microscope ([Figure 1](#f1-opth-10-845){ref-type="fig"}) by the method of Kern.[@b11-opth-10-845] The ends of the specimens were tied with silk thread. Krebs solution with the following composition was used (mM): NaCl 94.8, KCl 4.7, MgSO~4~ 1.2, CaCl~2~ 2.5, KH~2~PO~4~ 1.2, NaHCO~3~ 25.0, and glucose 11.7. All data are expressed as mean ± standard error of the mean.

Direct contraction experiments
------------------------------

To measure the isometric development induced by brimonidine, the dilator muscle preparations were mounted vertically in a 10 mL organ bath containing the oxygenated Krebs solution kept at 37°C. The preparation was connected to an isometric transducer (EF-601G, Nihon Koden Co., Ltd., Tokyo, Japan) and a hook at the bottom of the organ bath, with initial iris dilator loads of 50 mg. The experiment was started after a 60-minute equilibration period. The responsiveness of the preparation was first tested by at least three applications of 1 µM phenylephrine (PE) for the dilator, in order to confirm that the same amplitude of contraction would be obtained each time. Brimonidine was administered cumulatively in the bath. The responses were expressed as percentages of the contraction in which 100 µM PE-induced contraction was defined as 100%.

Electrical field stimulation experiments
----------------------------------------

The muscle preparation was vertically mounted in a 1.5 mL organ bath and connected to the isometric transducer with an initial load of 50 mg. The organ bath was perfused continuously (0.3 mL/sec) with the oxygenated Krebs solution at 37°C. Test drugs were dissolved in this solution in a reservoir. Transmural electrical field stimulation (TEFS) was applied through a pair of silver-plate electrodes placed in the organ bath. These electrodes were separated by 5 mm and placed so that the current pulse would pass transversely across the tissue ([Figure 1](#f1-opth-10-845){ref-type="fig"}). Seventy pulse stimuli at 20 Hz were applied using a current pulse of 1.0 ms in duration and 100 V in strength.[@b12-opth-10-845],[@b13-opth-10-845] TEFS was applied at intervals of 5 minutes. To obtain constant twitch contractions, the experiment was started after the muscle tone had reached a steady level. Results were expressed as percentages of the control contraction that took place without treatment. When the basal tone of the smooth muscles rose during exposure to higher doses of brimonidine (\>10 µM), the amplitude of contraction evoked by TEFS or exogenously applied agonists was measured from the elevated baseline to the top of the response.

Chemicals
---------

The following drugs were used: PE and tetrodotoxin (Wako Pure Chemical Industries Ltd., Osaka, Japan); brimonidine was a generous gift from Senju Pharmaceutical Co., Ltd., Tokyo, Japan. All others were of reagent grade.

Results
=======

Contractile activity
--------------------

Specimens of the rabbit iris dilator muscles, mounted in an organ bath, gradually relaxed to a steady level during a 60-minute equilibrium period, and the muscle tone then remained constant for several hours. Spontaneous mechanical responses did not occur at any time during these procedures. PE dose-dependently induced rapid contractions with half maximal effective concentration (EC~50~) values of 6.7±1.7 µM ([Figures 2](#f2-opth-10-845){ref-type="fig"} and [3](#f3-opth-10-845){ref-type="fig"}). On the dilator tissue of each iris, the concentration--response curve to the reference PE was generated first, and then brimonidine was administered cumulatively. Brimonidine caused very weak contractions with a threshold dose of 10 µM ([Figure 4](#f4-opth-10-845){ref-type="fig"}). The % maximum contraction value for brimonidine was 8.5%±4.3%.

Effect on twitch contraction induced by field stimulation
---------------------------------------------------------

TEFS caused twitch contraction in the dilator muscles. The twitch contraction was completely blocked by treatment with tetrodotoxin (0.1·µM), indicating that the mechanical response was neurogenic in origin ([Figure 5](#f5-opth-10-845){ref-type="fig"}). Brimonidine obviously inhibited the twitch contraction despite the substantial rise of the basal tone of the preparations ([Figure 5](#f5-opth-10-845){ref-type="fig"}). In the presence of tetrodotoxin (0.1·µM), exogenously applied PE caused contractions of the iris dilator muscle ([Figure 5](#f5-opth-10-845){ref-type="fig"}). Brimonidine, as shown in detail in [Figure 6](#f6-opth-10-845){ref-type="fig"}, dose-dependently inhibited the twitch contraction. Brimonidine (1 µM) did not affect the dose--response curves of PE (data not shown).

Discussion
==========

Postsynaptic functional α~1~-adrenoceptor is present in the isolated rabbit iris dilator muscle. Alpha-adrenoceptor-mediated effects of agonists in this tissue are well documented.[@b14-opth-10-845]--[@b16-opth-10-845] The present results show that brimonidine induced very weak contractions, with a % maximum contraction value of \<10%, in the isolated rabbit iris dilator muscle. On the other hand, Ishikawa et al[@b16-opth-10-845] reported that the % maximum contraction value of PAC is 51% in the same tissue using the same method performed by the same examiner. The most likely cause for pupil dilatation induced by PAC is α~1~-adrenoceptor stimulation, similar to that of other partial adrenergic agonists and imidazolines. Generally, imidazoline is an interesting class of direct-acting, α-adrenoceptor stimulants that are products of the chemistry laboratory. The charged imidazoline ring is believed to react with the α-adrenoceptor. In sufficient concentrations, the imidazoline drugs can produce mydriasis, but the low concentration present in topical ophthalmic preparations is unlikely to have such an effect.

Brimonidine is a synthetic imidazoline α~2~-adrenoceptor-interacting drug. PAC is another imidazoline which has been observed to lower intraocular pressure to the same extent as brimonidine. However, the effects of these drugs on the pupil are different.

Our results show that brimonidine dose-dependently inhibited the twitch contraction evoked by TEFS in the dilator muscle. Moreover, brimonidine did not significantly affect the contractile response induced by exogenously applied PE. These results suggest that brimonidine may inhibit norepinephrine release through the α~2~-adrenoceptors located at the adrenergic nerve terminals.

Generally, α~2~-adrenoreceptors are present on the sympathetic nerve ends. When a neurotransmitter and a receptor agonist bind to the same receptor, α~2~-adrenoreceptors act to inhibit the release of norepinephrine by negative feedback. Thus, contractility inhibition occurs in the dilator muscle. Using this effect, brimonidine is useful in reducing night-vision disturbances, such as glare and halos, after refractive surgery.[@b17-opth-10-845]--[@b21-opth-10-845]

Burke et al examined the effects of α~2~-adrenoreceptor agents in rabbits, and reported that the comparative mydriatic effects were in the order PAC (strong effect) \>\> clonidine \> brimonidine (no effect).[@b17-opth-10-845] Burke et al also examined the affinity of both brimonidine and PAC to α~1~- and α~2~-adrenoceptors with the human cerebral cortex and the HT-29 human colonic cell line using \[^3^H\]prazosine and \[^3^H\] rauwolscine to label as radioligand-binding assays.[@b18-opth-10-845] In these experiments, brimonidine was reported to be 1,000 times more selective for the α~2~-adrenoceptor than α~1~-adrenoceptors, and 23--32 times more α~2~-selective than PAC.[@b17-opth-10-845],[@b18-opth-10-845]

These results taken together suggest that brimonidine in physiological concentrations mainly activates presynaptic α~2~-adrenoceptors and causes a small amount of pupil miosis without affecting postsynaptic α~1~-adrenoceptors. However, in comparison with the PAC, the affinity of brimonidine for postsynaptic α~1~-adrenoceptors is low, and therefore does not cause pupil dilatation.

Conclusion
==========

We examined the mechanisms of pupil reaction using two different imidazoline classes of α~2~-adrenoceptor stimulators, brimonidine and PAC. Brimonidine is effective not only in lowering intraocular pressure, but also improves the night vision with a small amount of pupil miosis.
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![Muscle preparation.\
**Notes:** The organ bath was perfused continuously with Krebs solution (horizontal blue arrow).](opth-10-845Fig1){#f1-opth-10-845}

![Tracing showing contractile patterns of the iris dilator muscle induced by phenylephrine.](opth-10-845Fig2){#f2-opth-10-845}

![Concentration--response curves in the iris dilator muscles for PE.\
**Note:** Each point represents the mean of six experiments, the bars indicating SEM.\
**Abbreviations:** PE, phenylephrine; SEM, standard error of the mean.](opth-10-845Fig3){#f3-opth-10-845}

![Concentration--response curves of phenylephrine and brimonidine.\
**Note:** The % maximum contraction value of brimonidine is \<10%.](opth-10-845Fig4){#f4-opth-10-845}

![Tracings showing twitch contractions induced by field stimulation and contractile responses induced by exogenously applied PE (100 µM).\
**Notes:** Brimonidine dose-dependently inhibited the twitch contractions despite the substantial rise of the basal tone. Transmural electrical field stimulation-induced contractions were completely abolished in the presence of TTX, although exogenously applied PE caused contraction.\
**Abbreviations:** PE, phenylephrine; TTX, tetrodotoxin.](opth-10-845Fig5){#f5-opth-10-845}

![Brimonidine dose-dependently inhibited the transmural electrical field stimulation-induced contractions.\
**Note:** Each point represents the mean of eight experiments, the bars indicating SEM.\
**Abbreviation:** SEM, standard error of the mean.](opth-10-845Fig6){#f6-opth-10-845}
